Distinguishing the epimers iduronic acid (IdoA) and glucuronic acid (GlcA) has been a long-standing challenge for the mass spectrometry analysis of glycosaminoglycan (GAG) oligosaccharides. In this work, electron detachment dissociation (EDD) and Fourier transform ion cyclotron resonance mass spectrometry is shown to provide mass spectral features that can distinguish GlcA from IdoA in heparan sulfate (HS) tetrasaccharides. EDD of HS tetrasaccharide dianions produces a radical species that fragments to produce information-rich glycosidic and cross-ring product ions which can be used to determine the sites of acetylation/sulfation. More significantly, EDD of HS tetrasaccharide epimers produces diagnostic product ions that can be used to distinguish IdoA from GlcA. These diagnostic product ions are not observed in the tandem mass spectra obtained by collisionally activated dissociation or infrared multiphoton dissociation of the tetrasaccharides, suggesting a radical-initiated mechanism for their formation. Differences in the observed product ions obtained by EDD of the tetrasaccharide epimers can be rationalized by simple r-cleavage of an oxy radical located at C2 or C3 or a radical at C3 or C4. These radicals are proposed to arise from a hydrogen rearrangement in which a hydrogen atom is transferred from the C2 or C3 hydroxyl group or C3 or C4 to a carboxy radical at C5. This hydrogen transfer depends on the proximity of the carboxy radical to the hydroxyl group on C2 or C3 or the hydrogen on C3 or C4 and is thus influenced by C5 stereochemistry. These epimer-sensitive fragmentations should allow this approach to be applied to the structural analysis of a wide variety of GAG oligosaccharides.
Glycosaminoglycans (GAGs) are complex polysaccharides which comprise the carbohydrate portion of proteoglycans and are found in a variety of organisms ranging from bacteria to humans. 1 GAGs participate in a number of significant biological processes, such as cell-cell signaling, 2 the regulation of biochemical pathways, 3, 4 and the mediation of inflammatory reactions. 5 GAGs have also been implicated in the initial step of some pathogenic infections [6] [7] [8] and have been observed to undergo alteration in some types of cancer. 9 There is great interest in correlating the molecular structure of GAGs with their biological function, but the complexity of this class of molecules has slowed progress on this front. Although GAGs are linear biopolymers consisting of alternating acidic sugar and basic sugar residues, they exhibit complexity in a variety of ways. At the proteoglycan level, GAG chains of different lengths and compositions bind core proteins that also exhibit compositional heterogeneity. At the subunit level, GAGs display complexity through their differing degrees of sulfation and N-acetylation. Heparin and heparan sulfate (HS) are the most complex of the GAGs; they are composed of a repeating disaccharide of hexuronic acid and glucosamine. The acidic sugar can be either glucuronic acid (GlcA) or iduronic acid (IdoA) depending on the C5 stereochemistry and may be sulfated at the C2 hydroxyl group. The glucosamine may be sulfated at the C3 or C6 hydroxyl group and sulfated, acetylated, or unmodified at the C2 amino group. The structural characterization of GAG oligosaccharides requires identification of the location of sulfation/ acetylation modifications as well as establishment of the epimeric nature of the hexuronic acid. Characterizing GAGs is of significant interest since it is believed that the pattern of modification (sulfation, acetylation, GlcA vs IdoA) affects their biological activity. [10] [11] [12] Short lengths of heparin/HS oligosaccharides resulting from enzymatic digestion can be analyzed by 1D and 2D NMR. 13 These methods can determine the type and location of chain modification and can distinguish IdoA from GlcA. However, analysis by NMR * To whom correspondence should be addressed. Phone: (706) 542-2001. Fax: (706) 79, [2015] [2016] [2017] [2018] [2019] [2020] [2021] [2022] 10.1021/ac061636x CCC: $37.00 © 2007 American Chemical Society requires milligram quantities of a high-purity sample. Unlike proteins and nucleic acids, GAGs are not synthesized by a template-driven mechanism, so samples must be obtained by isolation of naturally occurring materials that are often available only in low quantity and purity. The development of other techniques for characterizing small amounts of GAGs and GAG mixtures is necessary to advance the goal of identifying structure/function relationships of this class of molecules. Mass spectrometry (MS) meets these requirements, but its development into a general purpose tool for GAG analysis remains incomplete.
Electrospray ionization (ESI) mass spectrometry is useful for obtaining the molecular weight of intact GAG oligosaccharides. [14] [15] [16] For small oligosaccharides this can be used to determine the degree of sulfation. To establish the specific sites of modification, more advanced methods are required. Tandem mass spectrometry (MS 2 and MS 3 ) using collisionally activated dissociation (CAD) of ∆-unsaturated disaccharides resulting from digestion of heparin/HS with heparin lyases has been used to determine the pattern of sulfation/acetylation on short heparin/HS lengths. 17 However, such disaccharides have lost chirality at the nonreducing end hexuronic acid, erasing the original epimeric nature of the acid residue at C5. 18 Therefore, tetramers or longer oligosaccharides are needed for establishing IdoA versus GlcA composition. Generally speaking, mass spectrometry is not sensitive to chirality in molecules. However, Zaia and co-workers have shown that for chondroiton sulfate (CS) tetrasasaccharides and hexasaccharides, CAD can distinguish between IdoA and GlcA on the basis of the relative abundance of specific X and Y ions. 19 For this approach, the relative abundance of key fragment ions as a function of IdoA/GlcA composition was established for a series of tetrasaccharide and hexasaccharide standards, essentially producing a calibration curve for each mixture. These data were then used to determine the fractional abundance of IdoA vs GlcA in tetrasaccharides and hexasaccharides from an enzymatic digestion of chondroiton/dermatan sulfate proteoglycans. 20, 21 The advantage of this approach is that it allows one to establish the epimer composition of an isobaric mixture of GAG oligosaccharides. The drawback is that the fragmentation versus chirality dependence must be established for each different type of GAG; e.g., the fragmentation behavior of CS oligosaccharides could not be applied to HS oligosaccharides. In these CAD experiments, one cannot predict the fragmentation behavior on the basis of the structure of GAG oligosaccharides, and thus, this approach is not useful as a general purpose tool for determining the epimeric state of hexuronic acids in other GAG oligosaccharides.
We have recently reported the application of electron detachment dissociation (EDD) [22] [23] [24] [25] [26] [27] to the analysis of GAG tetrasaccharides. 28 EDD produces a radical anion from the closed shell, multiply charged anionic precursor. The radical anion undergoes distinctly different types of fragmentation compared to its closed shell counterpart. EDD produces abundant fragmentation and greatly improves the capability of mass spectrometry to determine the sites of sulfation/acetylation in GAG tetrasaccharides compared to CAD or infrared multiphoton dissociation (IRMPD) of the same precursors. We have proposed a mechanism for the cross-ring fragmentation of hexuronic residues in GAG tetrasaccharides in which electron detachment from the C6 carboxylate anion forms a carboxy radical, which can undergo hydrogen rearrangement from the hydrogens at C3 or C4 or from the hydroxyl groups at C2 or C3. 28 The propensity for H atom transfer from C3 or C4 or the C2 versus C3 hydroxyl groups should depend on the proximity of these hydrogen atoms to the carboxy radical, which is a function of the C5 stereochemistry. Moreover, the product ions that result when fragmentation is initiated by an oxy radical at C2 or a radical at C3 are expected to be different from those from an oxy radical at C3 or a radical at C4. Thus, the stereochemistry of the carbon that bears the carboxylic acid group should affect the subsequent fragmentation that is observed. Here we report evidence that GlcA can be distinguished from IdoA in HS tetrasaccharide epimers using EDD. Furthermore, differences Chart 1 in the EDD mass spectra of epimers can be rationalized by simple radical-driven fragmentation mechanisms that should allow this approach to be extended to the structure analysis of a wide variety of GAG oligosaccharides.
EXPERIMENTAL SECTION
Preparation of Heparan Sulfate Tetrasaccharides. Heparan sulfate sodium salt was obtained from Celsus Laboratories (Cincinnati, OH), digested with heparinase II (Sigma, St. Louis, MO), and fractionated by gel permeation chromatography using a P-10 column (Bio-Rad, Hercules, CA) to obtain uniformly sized oligosaccharides. The fraction containing tetrasaccharides was desalted on a Bio-Rad Micro Bio-Spin chromatography column packed with 1 mL of Bio-Rad P-2 resin. A 50 µL sample was loaded onto the resin and centrifuged at 1000g. After desalting, the fractions containing tetrasaccharides were pooled and concentrated by freeze-drying. Fractions containing individual tetrasaccharides were collected from semipreparative SAX-HPLC (Shimadzu, Columbia, MD) using a Spherisorb column (Waters Corp., Milford, MA), desalted on a Bio-Rad P-2 column, and freezedried. 29 For the work reported here, four tetrasaccharides were examined, structures 1-4 (see Chart 1). The structures of tetrasaccharides 2 and 3 were determined by 1D and 2D proton NMR. Tetrasaccharide 1 was prepared from tetrasaccharide 3 by N-sulfonation using the following protocol: A 50 µg sample of tetrasaccharide 3 was dissolved in 12.5 µL of a solution containing 10 mg/mL sodium bicarbonate and 10 mg/mL trimethylaminesulfur trioxide complex and the resulting solution incubated at 50°C for 12 h. The same portions of sodium bicarbonate and the trimethylamine-sulfur trioxide complex were added two more times at 12 h intervals. The solution was then desalted by a P-2 spin column, and the product was freeze-dried. 30 Tetrasaccharide 4 was prepared from tetrasaccharide 2 using the following protocol: Tetrasaccharide 2 sodium salt was converted to a pyridinium salt using a Dowex 50W cation exchange column (Sigma). A 200 µg sample of the pyridinium salt of 2 was dissolved in 10 µL of dimethyl sulfoxide (Acros, Geel, Belgium) containing 5% methanol and the resulting solution incubated for 1.5 h at 50°C
. 31 The desulfated product 4 was then purified on a Bio-Rad P-2 spin column and freeze-dried. The products of the sulfation and desulfation reactions differ in mass from the starting materials, and they can be easily isolated from each other for the EDD experiments. The sulfation and desulfation reactions do not affect the stereochemistry of the hexuronic residue, so the chirality of the products has the same purity as that of the reactants, which have been established to be pure by NMR analysis. Mass Spectrometry Analysis. Experiments were performed with a 7 T Bruker Apex IV QeFTMS fitted with an Apollo II ESI source, a CO 2 laser for IRMPD, and an indirectly heated hollow cathode for generating electrons for ECD and EDD. The hollow cathode implementation with the Infinity cell has been previously described. 27,32 Solutions of tetrasaccharides 1, 2, and 3 were made at a concentration of 0.1 mg/mL in 50:50 methanol/H 2 O (Sigma); tetrasaccharide 4 was made at a concentration of 1.0 mg/mL. All tetrasaccharides were ionized by nanospray using a pulled fused silica tip (model FS360-75-15-D-5, New Objective, Woburn, MA). The sample solutions were infused at a rate of 10 µL/h. All tetrasaccharides were examined in negative ion mode.
For the EDD experiments, precursor ions were isolated in the external quadrupole and accumulated for 1-2 s before injection into the FTMS cell. The isolation/cell fill was repeated up to six times. The selection of the precursor ion was further refined by using in-cell isolation with a coherent harmonic excitation frequency (CHEF) event. The precursor ions were then irradiated with electrons for 1 s. For electron irradiation the cathode bias was set to -19 V, the ECD lens was set to -17.5 ( 0.5 V, and the cathode heater was set to 5-6 V. The electrons can potentially make multiple passes through the analyzer cell by reflection from the negative potential of the transfer ion optics and the hollow cathode, irradiating the sample at many different energies below the initial value of 19 eV. However, it appears that the efficiency of the EDD process is highly sensitive to the energy of the electrons, as irradiation of GAG tetrasaccharides with electrons at initial energies higher or lower than 19 eV by even a few tenths of an electronvolt results in significantly less fragmentation. A total of 24 acquisitions were averaged per mass spectrum. For each mass spectrum, 512K points were acquired, padded with one zero fill, and apodized using a sine-bell window. Background spectra were acquired by leaving all parameters the same but setting the cathode bias to 0 V to ensure that no electrons reached the analyzer cell. All EDD products are reported using the Domon and Costello nomenclature. 33 
RESULTS AND DISCUSSION
EDD of epimers 1 and 2 produces the mass spectra shown in parts a and b, respectively, of Figure 1 . Glycosidic bond cleavage is the principal type of fragmentation that is observed, but crossring cleavage to produce A ions 33 is also significant. During EDD, a radical site is produced by detachment of a carboxylate electron in preference to a sulfate electron, as ∼1.2 eV less energy is required. 28 CO 2 ] •-product and the absence of an [M -2H -SO 3 ] •-product. The abundance of fragmentation at the hexuronic acid near the reducing end of the tetrasaccharide suggests that the carboxyl group in this residue is a favored site for electron detachment. Many of the product ions observed in EDD of 1 are observed in the EDD of 2 (bond cleavage sites shown in the insets, Figure 1 ) and can be used to establish the sites of modification. 28 On the other hand, there are a few peaks that are not common to the spectra of both epimers, for example, the 0,2 A 3 product ion (m/z 532.059), which is observed only in the EDD of 1, albeit at a relatively low abundance. Closer examination of the EDD mass spectra above the precursor ion (m/z 397.047), Figure 2 , reveals a number of peaks specific to each epimer. An odd-electron ion at m/z 573.062 is present in EDD of 1 and not in EDD of 2. This product ion differs from the B 3 fragment by the exact mass of a hydrogen atom and is more intense than the B 3 product ion in EDD of 1. We have assigned this product as [B 3 -H] •-, which we denote as B 3 ′. The odd-electron ion at m/z 529.072 is present in EDD of 1 and not in EDD of 2 and differs from B 3 ′ by the exact mass of CO 2 . We have assigned this product as [B 3 -H -CO 2 ] •-, which we denote as B 3 ′ -CO 2 . The ion at m/z 590.065 differs from C 3 by the exact mass of two hydrogens and is assigned as [C 3 -2H] -, which we denote as C 3 ′′. This product ion is observed in both EDD spectra, but is significantly more intense than the C 3 product ion in the EDD spectrum of 2, while it is less abundant than the C 3 fragment in the EDD spectrum of 1.
Likewise, the 3,5 A 3 product ion is present in EDD of both 1 and 2, but is significantly more intense in the EDD of 1, where it is one of the most abundant product ions in the mass spectrum. The differences in the observed product ions for the two epimers can be rationalized as arising from hydrogen rearrangement from C4 or the hydroxyl group on C3 of GlcA (tetrasaccharide 1) to the carboxy radical versus rearrangement of a hydrogen atom from C3 or the C2 hydroxyl group to the carboxy radical for IdoA (tetrasaccharide 2), as proposed in Schemes 1 and 2 (see structure 1 for carbon atom nomenclature). Hydrogen rearrangement from C3 or the C2 hydroxyl group to the GlcA carboxy radical is not expected to occur for tetrasaccharide 1, as no conformation of the sugar ring brings the carboxy radical into the vicinity of C3 or the C2 hydroxyl group. Likewise, no conformation of tetrasaccharide 2 is expected to bring the IdoA carboxy radical close enough to the C3 hydroxyl group or C4 to permit H atom transfer. Subsequent radical-initiated cleavage of these radicals produces different fragmentations that can distinguish IdoA from GlcA.
The C3 oxy radical or the C4 radical that results from the aforementioned hydrogen rearrangement for 1 can undergo R-cleavage to form the 0,2 A 3 product ion, as proposed in Schemes 3a and 4a. The observed 0,2 A 3 fragment ion is an even-electron ion, formed by a mechanism that includes a rearrangement of a hydrogen atom from the departing neutral fragment to the product ion. H atom transfer to oxygen is often observed in the tandem mass spectra of carbohydrates when a carbon-oxygen bond is broken, for example, in the cleavage of glycosidic bonds to form B-, C-, Y-, and Z-type ions. 33 The 0,2 A 3 product ion is easily rationalized to result from R-cleavage of an oxy radical located at C3 or a radical at C4, but not by R-cleavage from an oxy radical located at C2 or a radical at C3. As H atom transfer is expected to occur between the IdoA carboxy radical and the C2 hydroxyl group or C3, but not with the C3 hydroxyl group or C4, formation of the 0,2 A 3 product ion is not expected for epimer 2.
Formation of an oxy radical on C3 or a C4 radical may initiate a second fragmentation pathway (Schemes 3b and 4b), resulting in formation of the B 3 ′ product ion. Fragmentation via this pathway occurs with the transfer of a hydrogen atom from the B 3 ′ product ion to the oxygen atom of the neutral fragment. Similar to the formation of the 0,2 A 3 product ion, formation of B 3 ′ should occur only when the oxy radical is on C3 and not when the oxy radical is located at C2 or when the radical is located at C4 and not C3. We find that B 3 ′ is twice as abundant as B 3 in the EDD spectrum of 1, but in the EDD spectrum of 2, the B 3 ′ product abundance is only 12% of the abundance of the B 3 product (see the table of intensities in the Supporting Information). Some of this peak is the isotopic contribution of the adjacent peaks, and very little, if any, is from B 3 ′. Also consistent with this proposed radical mechanism is the observation that B 3 ′ occurs only as a singly charged ion, while B 3 occurs as both a singly and doubly charged ion; i.e., only [B 3 -H] •-is observed and not [B 3 -H] 2-. Also observed in the EDD spectrum of 1 and not in the EDD spectrum of 2 is the B 3 ′ -CO 2 ion, which may arise from the B 3 ′ product ion as proposed in Schemes 3b and 4b. We do not believe that this product arises from the [M -2H -CO 2 ] •-ion, as this species has lost its chirality at C5, so were B 3 ′ -CO 2 to arise from [M -2H -CO 2 ] •-, it would be expected to appear in the EDD spectra for both epimers 1 and 2. Similar to B 3 ′, the B 3 ′ -CO 2 product ion is observed only as a singly charged ion, consistent with our proposed radical mechanism. For IdoA (tetrasaccharide 2), hydrogen transfer to form an oxy radical at C2 or a radical at C3 can lead to the formation of the C 3 ′′ product ion by R-cleavage as proposed in Schemes 5 and 6, respectively. If the oxy radical were located at C3 or the radical at C4, there would be no simple route to form the C 3 ′′ product. Since this product is observed in the EDD spectrum of 1, albeit at a much lower abundance than in the EDD spectrum of 2, it may also be produced by an additional, secondary fragmentation mechanism. An alternative possibility is that the small amount of C 3 ′′ product in the EDD of 1 results from hydrogen atom transfer between the oxygen atoms on C2 and C3, as proposed in Scheme 1. This H atom transfer is expected to be slow due to the unfavorable conformation of the sugar ring that would be necessary to align these groups sufficiently to allow this rearrangement to occur. The differences in the abundances of the diagnostic product ions for GlcA versus IdoA suggest that hydrogen transfer between the oxygens of C2 and C3, if it occurs at all, is slow compared to cross-ring and glycosidic fragmentations.
Similar to C 3 ′′, the 3,5 A 3 product ion is observed in the EDD of both 1 and 2, but is significantly more intense in 1. This product ion may result from R-cleavage of an oxy radical located at C3 as proposed in Scheme 7 or a radical at C4 as proposed in Scheme 8, but not by R-cleavage from an oxy radical located at C2 or a radical at C3. The occurrence of the 3,5 A 3 product at reduced ion intensity in the EDD of 2 can be rationalized as resulting from slow H atom transfer from the C3 hydroxyl group to the oxy radical on C2 or production of this product via a second fragmentation mechanism.
A second set of epimers, 3 and 4, were analyzed by EDD (parts a and b, respectively, of Figure 3 ) to test these hypothesized fragmentation mechanisms. The epimers 3 and 4 differ from 1 and 2 by the absence of N-sulfation on the glucosamine residue adjacent to the nonreducing end. Many of the same product ions observed for 1 and 2 are observed for 3 and 4. Consistent with the observations for 1 and 2, the 0,2 A 3 , B 3 ′, and B 3 ′ -CO 2 product ions are observed only in EDD of 3, the GlcA epimer, and not in EDD of the IdoA epimer 4. Also, B 3 ′ is more abundant than the B 3 product ion in 3, and the C 3 ′′ product ion is higher in abundance in the EDD spectrum of 4 versus 3. However, there are few differences between the EDD mass spectra of the two epimer pairs. For example, the C 3 ′′ product is less abundant than the C 3 product in the EDD spectrum of 4, the IdoA epimer, while it is more abundant than C 3 for the IdoA epimer, 2. C 3 ′′ was observed in the EDD spectra of both epimers 1 and 2 (and is more abundant for the IdoA epimer 2 than for the GlcA epimer 1), but for the other epimer pair this product is observed only in the EDD spectrum of the IdoA epimer 4. Since the C 3 ′′ product ion can distinguish IdoA from GlcA only by being more abundant in the former, it is useful only if one can directly compare EDD mass spectra of both epimers. Differences in the 3,5 A 3 product ion abundance in 1 and 2 were attributed to the preference of GlcA forming a C3 oxy radical or a C4 carbon radical. However, the abundance of the 3,5 A 3 product ion is the same for epimers 3 and 4, indicating that 3,5 A 3 is not diagnostic of IdoA versus GlcA for these nonsulfated tetrasaccharides. Nevertheless, the EDD spectra of tetrasaccharides 3 and 4 exhibit key diagnostic ions ( 0,2 A 3 , B 3 ′, and B 3 ′ -CO 2 ) that allow GlcA to be distinguished from IdoA. These diagnostic product ions, and their observed relative intensities, are listed in Table 1 for each epimer pair.
CONCLUSIONS
EDD produces a radical anion which can undergo radicaldriven fragmentation processes that are very different from the fragmentation of even-electron anions that are formed by electrospray ionization. We have demonstrated the utility of EDD for distinguishing GlcA from IdoA in GAG tetrasaccharides. The diagnostic ions for GlcA are the 0,2 A 3 , B 3 ′, and B 3 ′ -CO 2 product ions. IdoA can be distinguished by the absence of these ions in the EDD mass spectrum. To a lesser extent, the abundance of the C 3 ′′ product ion can be used to determine C5 stereochemistry. All of the diagnostic product ions can be rationalized as arising from a proposed radical species whose subsequent fragmentation is influenced by C5 stereochemistry. Consistent with the proposed radical mechanisms, these diagnostic ions are not observed by CAD or IRMPD of these GAG tetrasaccharides (data not shown). The EDD mass spectra are highly reproducible, even for acquisitions taken several months apart (see the Supporting Information), so the ions that distinguish the epimers from each other have good diagnostic value. Of course, the proposed mechanisms are hypothetical at this point. Validation of these mechanisms will require considerably more effort, for example, with isotope labeling experiments. Since it is possible for GAGs to contain a higher degree of sulfation than the tetrasaccharides studied here, future work will examine the influence of the degree of sulfation on the capability to distinguish GlcA/IdoA epimers by EDD.
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